Variations in local bond length and coordination in boron-doped nanocrystalline diamond (NCD) films have been studied through changes in the fine structure of boron and carbon K-edges in electron energy-loss spectra, acquired in a scanning transmission electron microscope. The presence of high concentrations of B in pristine diamond regions and enrichment of B at defects in single NCD grains is demonstrated. Local bond length variations are evidenced through an energy shift of the carbon 1s ! r* edge at B-rich defective regions within single diamond grains, indicating an expansion of the diamond bond length at sites with local high B content. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4813842] p-type doped diamond films have been widely studied as electrode materials because of their unique properties, which include a wide potential window, high chemical and electrochemical stability, low background current density, and high resistance to chemical and electrochemical corrosion. 1 These outstanding properties make p-type doped diamond electrodes attractive candidates for various electrochemical applications. p-type doping of nanocrystalline diamond (NCD) is usually realized through incorporation of boron into the diamond lattice, which in the case of chemical vapor deposition (CVD) grown NCD films is usually incorporated by the addition of diborane (B 2 H 6 ) or trimethylborane (B(CH 3 ) 3 ) to the reactive gas mix of CH 4 and H 2 during film growth. 2 It is known that the local microstructure and carbon bonding in NCD films change by the addition of B dopants. The mechanical, optical, and electronic properties of doped diamond strongly depend on the short-range environment of the constituting dopants and carbon atoms. 3 Therefore, it is important to determine the carbon environment in, e.g., boron-doped diamond systems at an atomic or near-atomic scale. Diamond films grown by CVD show the presence of a wide range of structural defects which can impact the electronic and chemical properties. Defects, such as twin boundaries, stacking faults, dislocations, and point defects are widely present in this type of diamond film and are expected to have a significant impact on the electronic properties of the material. A profound characterization of these structural defects is fundamental in understanding the physical properties of NCD diamond films. [4] [5] [6] Combining high resolution (HR) imaging with spatially resolved electron energy-loss spectroscopy (EELS) makes it possible to investigate the concentration and distribution of B dopants, the presence of non-diamond species, and even the local environment of the dopants through the fine structure of the probed EELS edges. In recent contributions, we demonstrated the existence of a distinct trigonal coordination of B at defect sites and a tetrahedral B coordination in pristine regions in B:NCD films. 7, 8 In this contribution, we set out to investigate the presence of defects in B:NCD films, and measure local bond length variations at these defective regions by means of HR annular dark field scanning transmission electron microscopy (HR-ADF-STEM) combined with spatially resolved EELS (STEM-EELS). STEM-EELS is ideally suited, as the high spatial resolution of aberration-corrected STEM can be used to map the near-atomic spatial distribution of boron and carbon, while the high energy resolution of the EELS edges can provide insight into the local bonding variations.
B:NCD film growth was carried out in an ASTeX 6500 series microwave plasma enhanced CVD (MPCVD) reactor on a fused silica substrate treated with a colloidal suspension of detonation diamond. 9 Growth was performed in a CH 4 /H 2 plasma with a methane concentration of 1% and 5%. Boron was introduced by trimethyl borane (B(CH 3 ) 3 ) to achieve a nominal 5000 ppm B/C ratio in the gas phase. The substrate temperature of 700 C was induced by 3500 W of microwave power at a total pressure of 33 hPa (25 Torr). The growth was stopped when the B:NCD layers reached a thickness of $150 nm, after which the sample was cooled down under a hydrogen flow.
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A plan-view TEM sample was prepared using a combination of mechanical polishing and ion-milling. The sample was cut using a diamond wire and polished down to micrometer thickness. Further thinning of the sample was performed by ion-milling in a Balzers Ar ion mill, starting with a 12 kV beam until film perforation, continuing with a 5 kV beam for thinning and a 2 kV beam for final polishing. Electron microscopy was performed on a FEI Titan 80-300 "cubed" microscope fitted with an aberration-corrector for the probe forming lens and a GIF Quantum energy filter for spectroscopy, operated at 300 kV for high resolution imaging ( mrad. The electron probe size at these conditions was below 1 Å . STEM-EELS experiments were performed using the same convergence angle yielding an electron probe of approximately 1 Å and at a collection semi-angle b of $60 mrad. All spectra were acquired at an energy dispersion of 0.25 eV per pixel and an energy resolution of approximately 1.2 eV. To model the core-loss spectra using the EELSMODEL software, a power-law background AE Àr was used. Quantification of the B/C ratio was performed by modelbased fitting of the B K-edge and C K-edge using a hydrogenic atomic cross section, after 4 pixel binning of the energy axis in order to increase the S/N ratio. 10 To quantitatively determine the C K-edge r* position in Figure 3 , a set of 4 Gaussian peaks were fitted to the C K-edge ELNES, amongst which one for the p* peak ($285 eV) as internal reference, and one for the first r* peak ($292 eV). The analysis was performed on the raw data; no filtering of the data was performed. Figure 1 shows ADF-STEM images of the B:NCD sample. A low magnification plan-view ADF-STEM image is displayed in Figure 1(a) . The diamond grains are roughly 100 nm in diameter and are closely packed together in the NCD film. Comparing the measured grain sizes with those in a previously studied 1% CH 4 sample 7 it is apparent that the diamond grains in the 5% CH 4 sample are significant smaller, which is also in good agreement with a previous AFM study on B:NCD. 2 An abundance of defects is present in this sample, as is obvious from the higher magnification ADF image in Figure 1(b) . ADF-STEM imaging with relatively long camera lengths, as performed here, is known to allow easy identification of planar and other defects. 11, 12 Previous investigations have shown that planar defects including stacking faults and {111} twins are common features in CVD growth diamond films. 4, 7, 8, 13 The dominant defects present in our sample are indeed R ¼ 3 {111} twin boundaries, an example of which is evidenced by the inset Fourier transform (FT) of the defect indicated by the white dotted square in Figure 1(b) . All R ¼ 3 twin boundaries in Figure 1 (b) are indicated by white arrows and closely packed twin boundaries are indicated by white rectangles. Higher order twin boundaries, formed by the intersection of low order twin boundaries 14 as well as incoherent defects are also present in the central part of the image. Figure 1(c) is a high resolution ADF-STEM image of two R ¼ 3 twin boundaries within a grain. Both the FT in Fig. 1(d) and the intensity profile in Figure 1 (e) clearly demonstrate that the C-C dumbbells along the [100] direction, only 89 pm apart in projection, are resolved in the image. From the point of view of defect structure within the grains, the 5% CH 4 NCD sample is highly similar to the 1% CH 4 sample studied earlier. 7 In order to investigate the boron dopant distribution within a single diamond grain, spatially resolved EELS experiments were performed on a highly defective diamond, which includes R ¼ 3 twin boundaries as well as higher order defects. In Figure 2 , the region used for acquisition of a 69 Â 35 pixel spectrum image is indicated by the white rectangle. In each point of the spectrum image, an EELS spectrum was acquired containing both the boron K-edge (190 eV) and the carbon K-edge (285 eV). A quantitative B/C ratio map was generated using a model-based fitting approach and is plotted in Figure 2(b) . 10 The B content in the diamond grains varies from 1.1 at. % in the pristine diamond regions to a maximum of 4.6 at. % in the defective regions. The average B content over the entire region is 2 .7 6 0.2 at. %, which is higher than the boron concentration of 2.3 6 0.2 at. % in a 1% CH 4 sample, grown under similar conditions with an identical B/C ratio in the gas phase. 7 This increase in boron embedding at higher methane ratios during film growth is the result of an increased presence of defects and non-sp 3 carbon in NCD films grown under high methane concentrations. 15, 16 As the defects in B:NCD are known to be enriched in B, 7 the average B concentration in films grown under high methane ratios is therefore elevated. 17 Theoretical work has shown that the r* feature in the EELS C K-edge is highly sensitive to the local C bond length. Titantah and Lamoen used DFT calculations to show that a 15% increase in C-C bond length in diamond induces a shift in the r* position to lower energies by 1.6 eV. 3 This study also showed that the r* edge of the ELNES signature of carbon provides information on the C bond length variation in the material. The ELNES signature of both boron and carbon from pristine and defective diamond regions are plotted in Figures 3(a) and 3(b) . The red B K-edge and C K-edge spectra are summed spectra from bright defect positions in Figure 2 (a). The black B K-edge and C K-edge spectra are summed spectra from pristine diamond areas. Since the carbon p* feature is only weakly affected by any bond length variation, 3 the carbon p* peak energy position at 285 eV was used as an internal reference to align the acquired EELS spectra.
The features of the B K-edge ELNES from defective areas are dominated by a sharp peak A followed by a broad peak B which consists of three resolved sub-peaks. Peak A is assigned to the transition of boron 1s electrons to unoccupied p* states, similar to the case of carbon. The broad peak B represents the transition of boron 1s electrons to unoccupied B-C or B-B sigma anti-bonding r* states. The boron Kedge ELNES in the pristine diamond areas is characterized by a suppressed peak A (p*) and three clearly distinct peaks within the r* feature. It is known that the boron K-edge ELNES (and by analogy X-ray absorption near-edge structures (XANES)) spectral features of solids and gases strongly reflect the local structure around the probed boron atoms, and that the area under the p* and r* features can be used to quantify the amount of trigonal and tetrahedral boron present in the volume of the probed sample. 18 In the case of ELNES, recent B-doped diamond studies have proven that the boron K-edge exhibits characteristics of local boron coordination. 7, 8 In our sample, the increased p* contribution in the B ELNES acquired at defective regions in a single grain implies a larger amount of trigonally coordinated boron in these areas, while the suppressed p* contribution and welldefined r* features for B in the pristine diamond regions indicate a tetrahedral embedding for B at these sites. 8 The C K-edge ELNES from defective and pristine diamond areas are plotted in Figure 3(b) . In the pristine areas, the C fine structure shows typical features associated with a tetrahedral coordination (sp 3 hybridization) of carbon in diamond, 19 indicating that the high level of B doping (>1 at. %) in these pristine diamond areas does not significantly alter the overall local environment of the C atoms. The spectrum taken from a defective area shows a higher intensity of the p* contribution at 285 eV, similar to the increased p* contribution in the B fine structure. This feature is indicative of non-sp 3 carbon (mainly threefold coordinated carbon and dangling bonds) present at these defects. It is interesting that the r* feature of the C K-edge from the defective region shows a significant energy shift to lower energy. The value of the energy shift is approximately 1 eV at half maximum of the r* peak (see Figure 3(b) ). A similar, systematic shift of the carbon 1s peak to lower binding energy was previously observed by hard x-ray photoemission spectroscopy performed on polycrystalline B:diamond material grown by MPCVD. 21 The shift to lower energy is accompanied by a broadening of the r* ELNES with respect to the pristine diamond regions. This is illustrated by the FWHM values for the first r* peak at $292 eV, used to determine the r* shift and listed in the table in Figure 3 . The broadening of the r* features is significantly larger in the defective regions. The position of the r* feature of carbon is known to be dominated by the local bond length and hybridization state of the probed carbon species; longer bonds tend to contribute to the lower energy part of the r* spectrum. 3 According to bandstructure calculations, the B-C bond length around doped boron atoms is slightly larger than C-C bond length. 20 The high concentration of boron incorporated into defective areas therefore induces a local elongation of the average bond length of the carbon atoms bonded to boron. The broadening of the r* ELNES features in the defective regions finds its origin in a local deviation from the perfect diamond lattice: the high degree of B incorporation at the defects not only induces bond elongation but also slightly distorts the lattice away from its original tetrahedral configuration.
To prove the effect of the B concentration on the local bond length in these NCD systems, B K-edge and C K-edge EELS spectra of a 1% CH 4 grown diamond film with a lower incorporation of B dopants are plotted in Figures 3(c) and  3(d) . Even though the energy positions of the C r* edges from the pristine and defected diamond areas almost overlap in this sample, the induced r* shift can still be observed. The smaller concentration of B impurities in this sample induces a smaller average bond length variation. An interesting feature is that the 1% CH 4 sample yields a significantly lower p* contribution at 285 eV (inset Figure 3(d) ) than the 5% CH 4 in both the pristine and defective area spectra. This confirms the direct relationship between the non-sp 3 carbon content and the B incorporation in these samples. In order to quantitatively determine the shift in r* position, a set of Gaussian peaks were fitted to the C K-edge spectra for the 1% and 5% CH 4 sample. The results of these fits are displayed at the bottom of Figure 3 . Using the fitted position of the p* peak as an internal reference at 285 eV, we obtained peak positions for the r* maximum in each spectrum that can directly be compared. These values confirm the trend that was visually observed in the EELS data above; the r* maximum is shifted to lower energy in defective regions, and the value of the shift is slightly larger in the 5% CH 4 sample (0 .43 eV shift of the r* maximum) than in the 1% CH 4 sample (0.41 eV shift of the r* maximum). As Titantah and Lamoen calculated a 1.6 eV shift for a 20 pm bond length elongation, the value measured in our case tentatively indicates an average bond length elongation of approximately 5 pm in the defective areas, not taking into account the possible presence of B clusters including -B-B-and/or -B-C-B-bonds at defective regions, as has been suggested from transport studies for boron-doped diamond. 21 In summary, we have experimentally measured local bond length variations in B:NCD films using spatially resolved STEM-EELS in an aberration-corrected electron microscope. An energy shift of the carbon r* edge which is indicative of bond elongations and a significant difference in boron ELNES have been experimentally observed at defective regions in the B:NCD grains. The carbon r* edge acquired from defective areas shifts to lower energy suggesting a local carbon bond length increase and revealing a higher concentration of boron dopants at these defective areas. It implies that the position of the r* edge of carbon can be used as a probe of bond length distribution in doped diamond materials.
